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Edited by Horst FeldmannAbstract Increasing evidence indicates that pathogens have
evolved highly eﬃcient strategies to induce their internalization
within host cells. Viruses and bacteria express and expose on
their surface, molecules that mimic endogenous ligands to cell
receptors, thereby inducing speciﬁc intracellular signalling cas-
cades. More recently it has become clear that, as most viruses,
bacteria can enter cells via the clathrin-mediated pathway, indi-
cating a key role for endocytosis in pathogens entry into cells.
Here we review the pathways followed by Listeria monocytoge-
nes to enter into non-phagocytic cells, as a model for the subver-
sion of cellular functions to induce pathogens internalization.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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monocytogenes1. Introduction
The plasma membrane of eukaryotic cells constitutes a dy-
namic boundary that separates the surrounding environment
from the cytoplasm [1]. Ions and small molecules such as sug-
ars and aminoacids can easily traverse the plasma membrane
through various transmembrane protein complexes that are
embedded in the bilayer and that form channels and pumps,
whereas the transport of macromolecules and molecular com-
plexes through the plasma membrane requires a diﬀerent pro-
cess of internalization. In that case membrane domains
invaginate and are then pinched-oﬀ from the inner side of
the plasma membrane and transported within the cell. Inter-
nalization falls into two major types [1]: phagocytosis and
endocytosis.
The process of phagocytosis sensu stricto is restricted to a
limited class of cells including macrophages, monocytes and
neutrophils, and it is usually exploited to eliminate pathogens
and dead-cell debris. Phagocytosis involves GTPases of the
Rho family and other signalling molecules that are activated
by speciﬁc cell-surface receptors and stimulate actin polymeri-Abbreviations: InlA, internalin A; InlB, internalin B; HGF, hepatocyte
growth factor; LLO, listeriolysin O; PI, phosphatidylinositol; GPI,
glycosylphosphatidylinositol
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doi:10.1016/j.febslet.2006.04.010zation/depolymerization events [1,2]. The internalization pro-
cess takes place through the actin-driven protrusion of
plasma membrane domains that fuse with each other to engulf
the phagocytosed object in a membrane-bound vesicle. When
pathogens are internalized, they are then destroyed by means
of acids, acid hydrolases and proteases.
In contrast to phagocytosis, endocytosis is a process com-
mon to all cell types [1,3] with the exception of red blood cells.
It is usually considered as the process mediating internalization
of small particles. It is divided into at least four/ﬁve classes on
the basis of the molecular machineries that drive the process
[1]: (1) clathrin-dependent endocytosis; (2) caveolae-dependent
endocytosis; (3/4) clathrin- and caveolae-independent endocy-
tosis (which can be either lipid rafts dependent or indepen-
dent); and (5) macropinocytosis.
Macropinocytosis shares similarities with phagocytosis and
in particular is using signalling pathways mediated by small
GTPases that stimulate important actin polymerization and
depolymerization events [1,4]. The membrane ruﬄes formed
in this process then collapse onto the plasma membrane where
they fuse together and form a macropinosome that is larger
than normal endocytic vesicles. The severing of the macropino-
some from the plasma membrane is independent of the activity
of the ﬁssion-inducing protein dynamin [9].
The remaining sub-classes of endocytosis have been well
characterized. Clathrin-dependent endocytosis (often referred
to as receptor-mediated endocytosis) and caveolae-dependent
endocytosis are characterized by the formation of their respec-
tive coats (protein complexes that form at the site where the
plasma membrane begins to invaginate) [1,5]. These coat com-
plexes assemble into a curved rigid scaﬀold in tight association
with the plasma membrane. They mediate the formation of
endocytic carrier precursors, i.e. clathrin-coated or caveolin-
coated pits, that remain connected to the extra cellular milieu
through constricted necks. In the case of clathrin-coated and
caveolin-coated pits, dynamin eﬀects the scission of the neck
and the formation of an independent coated vesicle [6,7]. As
mentioned above clathrin-mediated internalization is exploited
to internalize molecules that bind to a receptor that is exposed
on the external face of the plasma membrane. This is the case
for the transferrin receptor, perhaps the best characterized in
this context [8].
Endocytosis can also occur without the formation of a pro-
tein coat [3,9]. This form of endocytosis still awaits full charac-
terization and it is generally referred to as clathrin- and
caveolae-independent endocytosis [1]. Here, the formation of
invaginated buds at the level of the plasma membrane appearsblished by Elsevier B.V. All rights reserved.
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patches. These structures do not require any scaﬀolding pro-
tein(s) and in some cases are associated with lipid rafts [3].
Two diﬀerent sub-types of raft-mediated endocytosis have
been identiﬁed: one that requires dynamin for the ﬁssion of
the endocytic carrier and the other that is dynamin-indepen-
dent [9].2. Internalization of pathogens: the Listeria model
Pathogens are increasingly recognized as maximally exploit-
ing the endocytosis machinery [2,9–12]. Internalization within
the cells of a host organism (preferentially non-phagocytic
cells) is a strategy used by a large number of pathogens for sur-
vival and proliferation: viruses and bacteria enter host cells in
order to be protected from hostile extracellular components,
and exploit cellular functions for survival and replication; such
functions span from the replication machinery in the case of
viruses, to the use of protein complexes such as the actin cyto-
skeleton for intracellular movement, in the case of bacteria
such as Listeria monocytogenes [13]. In order to avoid extracel-
lular host defences and above all to be internalized with a suit-
able eﬃciency, viruses and bacteria have evolved various
strategies to be taken up by host cells.
In the case of viruses the most exploited means to enter cells
are the clathrin- or caveolae-dependent endocytosis [9,11,14,
15], whereas invasive bacteria enter by mechanisms highly sim-
ilar to phagocytosis [2,10,12]. The mechanisms used by bacteria
to enter cells are usually grouped in two categories: the trigger
type mechanisms and the zipper type mechanisms [2]. The trig-
ger mechanism is activated by bacterial proteins directly in-
jected in the host cell via bacterial protein complexes named
‘‘type III secretion systems’’ or ‘‘injectisomes’’. Bacteria such
as Salmonella and Shigella activate by these systems Rho GTP-Fig. 1. InlA-dependent internalization of Listeria. (A) E-cadherin molecul
intracellular domain of E-cadherin establishes transient interactions with th
surface protein InlA interacts with the extracellular domain of E-cadherin rec
site. A connection between ARHGAP10 and the protein vezatin (responsible
mediated by the small GTP-ase Arf6 (P. Chavrier, personal communicationases and Src signalling cascades. In contrast, the zipper mecha-
nism is induced by the direct interaction between proteins
exposed on the surface of bacteria and receptors on the surface
of the host cell. Examples of bacteria entering cells via this
mechanism are Yersinia, which interacts with integrins and Lis-
teria which interacts with both the tyrosine kinase Met receptor
and E-cadherin [2,12] (Figs. 1 and 2). Whatever the mechanism
induced for invasion, the interactions between the bacteria and
the host cell lead to a reorganization of the cell actin cytoskel-
eton induced by classical cellular signalling cascades [2,12].
Among pathogens Listeria has emerged as an outstanding
model to study bacterial infections. This is due to its capacity
to enter non-phagocytic cells, to survive into phagocytic cells,
to infect a wide range of host organs and to cross multiple hu-
man barriers [16]. It is also due to the fact that this bacterium is
easily manipulated and grows relatively well in vitro and in tis-
sue cultured cells. Listeria is the etiological agent of listeriosis,
a food-borne infection that preferentially aﬀects immuno-
compromized subjects, pregnant women and newborns. Liste-
riosis results in gastroenteritis, fetoplacental and central
nervous system infections [17]. This wide range of symptoms
is due to the ability of Listeria to cross multiple barriers during
infections such as the intestinal, the blood–brain and the pla-
cental ones [16].
Like other invasive bacteria, Listeria uses proteins exposed
on its surface to contact cellular receptors and induce its inter-
nalization. Once internalized, Listeria escapes from the inter-
nalization vacuole by secreting a bacterial toxin named
listeriolysin O (LLO) [18] and exploits cellular actin to move
within the cytoplasm [13]. As a few other bacteria, Listeria
has developed a way to spread infection to other neighbouring
cells, i.e. by pushing the plasma membrane from the inside,
and inducing the formation of protrusions that make contact
with adjacent cells and allow the internalization of the bacteria
within the next cell [19].es establish intercellular interaction to form adherens junctions. The
e actin cytoskeleton by means of a- and b-catenin. (B) The Listeria
ruiting a-catenin, ARHGAP10 and myosin VIIa at the bacterial entry
for the recruitment of myosin VIIa at the plasma membrane) may be
[36]).
Fig. 2. InlB-dependent internalization of Listeria. (A) The Listeria surface protein InlB can be either associated to the bacteria or released in the
medium. InlB interacts with the tyrosine-kinase receptor Met inducing the dimerization of the receptor and the activation of the same signalling
cascade induced by the receptor’s endogenous ligand hepatocyte growth factor (HGF). (B) Upon dimerization Met is autophosphorylated and the
adaptor proteins Gab1, Shc (not shown) and the ubiquitin-ligase Cbl are recruited at the intracellular domain of the receptor. Gab1 recruits the
phosphatidylinositol 3 kinase (PI3K) at the plasma membrane to form phosphatidylinositol 3,4,5 trisphosphate (PIP3). Met receptor dimerization
and the formation of PIP3 initiate the reorganization of the actin cytoskeleton that favours bacterial internalization. The recruitment of Cbl induces
the ubiquitination of Met triggering the endocytosis of the receptor and of the bacteria associated with it via clathrin-coated pits.
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Listeria proteins responsible for the infection of non-phago-
cytic mammalian cells, internalin (InlA) and internalin B (InlB)
[20,21]. The main cellular targets of these two proteins have
been identiﬁed as E-cadherin [22] and the HGF tyrosine kinase
receptor Met [23], respectively (Figs. 1 and 2). Although diﬀer-
ent at their C-terminus, Internalin and InlB share some similar-
ities as they both have leucine-rich repeats (LRR) at their
N-terminus [24]. At the C-terminus InlA has an LPXTG pep-
tide responsible for its covalent binding to the peptidoglycan
of the bacterial cell wall; InlB lacks such peptide and contains
a series of GW repeats that mediate a rather loose attachment
to the cell wall of the bacterium [25]. The generation of mutant
strains lacking either InlA or InlB has demonstrated that either
protein is suﬃcient for eﬃcient infection and latex beads cou-
pled to either protein are eﬃciently internalized by cells which
express their respective receptors [24,26]. Yet bacterial strains
carrying a double mutation for both internalins still maintain
a low level of infection, suggesting that other proteins exist,
able to mediate internalization into host cells (e.g. Vip) [27].
By interacting with the Met receptor which is ubiquitously
expressed Listeria can invade a wide range of cell types
whereas the interaction with E-cadherin mediates infection of
a limited number of cell types.3. Adhering to adherens junctions
E-cadherin is a transmembrane molecule responsible for the
formation of adherens junction [28] (Fig. 1) and a member of
the large family of classical cadherins. It is expressed and nor-
mally enriched at the basolateral face of epithelial cells.
Through its extra cellular domain, E-cadherin establishes hom-ophilic interactions with other E-cadherins of surrounding
cells leading to the formation of calcium-dependent adherens
junctions (Fig. 1A). The formation of the junction is due to
the complex network of proteins interacting with the intracel-
lular domain of E-cadherin. At its C-terminus E-cadherin
binds b-catenin, a protein that is essential for the interaction
with the actin-binding protein a-catenin (Fig. 1), thereby medi-
ating the anchorage of E-cadherin to the actin cytoskeleton
[28,29]. The nature of the interaction between cadherins, b-
catenin and the actin cytoskeleton has been recently ques-
tioned [30,31]. It has been shown that a-catenin is never found
in a complex with actin and b-catenin (therefore with E-cad-
herin) [30]. Rather, the interactions of a-catenin with the two
partners are exclusive. It has been therefore proposed that a-
catenin is a molecular switch that regulates actin dynamics at
adherens junctions allowing in particular the formation of long
actin bundles and not that of branched ﬁlaments [30,31], in
agreement with the fact that a-catenin also binds formin [32].
The molecular motor myosin VIIa and its ligand vezatin [33]
are also present at cell–cell junction.
During InlA-mediated Listeria invasion of the host cell E-
cadherin, a- and b-catenins [34], vezatin and myosin VIIa
[35] are all recruited at the bacterial entry site (Fig. 1B) and
inhibition of expression of any of these molecules strongly re-
duces the internalization of the bacteria, indicating that Liste-
ria exploits the cellular machinery required for the formation
of adherens junctions for entry into cells. In a two-hybrid
screen for a-catenin-interacting proteins, the protein ARH-
GAP10 has recently been identiﬁed. This protein is required
for a-catenin recruitment at the junction as well as in the
InlA-dependent internalization of Listeria into mammalian
cells [36]. ARHGAP10 is a GAP protein acting on Rho and
Cdc42. The discovery of this novel molecule involved both in
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tion strengthens the hypothesis that indeed the InlAmediated
internalization pathway exploits the very same machinery used
by mammalian cells to form adherens junctions. Strikingly,
ARHGAP10 localizes also at the level of the Golgi complex
where it interacts with ARF1-GTP, suggesting a possible role
of this organelle in the formation of adherens junctions possi-
bly as a donor of membranous elements [36].4. When InlB and the receptor Met meet
The tyrosine kinase receptor Met and its ligand, the hepato-
cyte growth factor (HGF) are the subject of extensive research
due to their multiple roles in cell motility and invasion in
metastasis and tumour growth when constitutively activated
[37]. Activation of Met through the binding to its ligand in-
duces its dimerization, its phosphorylation on multiple tyro-
sines of its intracellular C-terminus and the binding to a
range of eﬀectors [37] (Fig. 2). The small GTP-ases of the
Rho and Rac families become activated and initiate a signal-
ling cascade leading to the reorganization of the actin cytoskel-
eton [4,37]. The activation of the Met receptor by HGF (its
physiological ligand) or InlB also induces the recruitment of
the host adaptor protein Gab1 which in turn forms a complex
with the p85–p110 subunits of PI3 kinase [37–40] (Fig. 2C).
The activation of the PI3 kinase induces changes in the lipid
composition of membranes that may have a pivotal role in cell
membrane remodelling during membrane ruﬄing or lamellipo-
dia formation (Fig. 2C). In addition, both PIP2 and PIP3 are
themselves signalling lipids implicated in a variety of processes,
for example the activation of Rac itself by PIP3 [41].
One of the downstream targets of the Met receptor-depen-
dent phosphorylation cascade is b-catenin, an E-cadherin-
associated protein essential in the anchorage of E-cadherin
to the actin cytoskeleton [37]. Upon phosphorylation, b-cate-
nin dissociates from a-catenin, its actin-interacting counter-
part, thereby dissociating E-cadherin from the actin
cytoskeleton, leading to the opening of adherens junctions
[42]. This is of particular interest during bacterial invasion as
InlB, in contrast to InlA, is also present as a free molecule in
the medium [43] and can therefore reach the cell surface faster
and independently from Listeria. The interaction of free InlB
with the Met receptor prior to bacterium–cell contact could
have a twofold advantage for the bacterium: induce signalling
and stimulate the dissociation of adherens junctions allowing
E-cadherin accessibility to internalin.
Interestingly the Listeria protein InlB and HGF do not share
any structural homologies. InlB induces a more potent activa-
tion of the receptor compared to HGF [44] and does not com-
pete for the binding site of HGF [23]. Nevertheless InlB is able
to induce the same cascade of protein activation and the same
cell morphological changes demonstrating a case of perfect
bacterial adaptation to cellular functions.5. Entering via the clathrin-mediated pathway
As for all receptors, once the signalling cascade is induced it
also needs a down regulation, often mediated by the internal-
ization of the receptor itself. Such internalization is dependent
on the intensity of the stimulus applied. Met receptor internal-ization is mediated by the ubiquitin-ligase Cbl (Fig. 2C) that
binds to the activated receptor [45]. Upon ubiquitination, the
receptor is internalized within clathrin-coated vesicles [46]. It
has been recently demonstrated that the interaction of the Lis-
teria protein InlB with the Met receptor is also able to induce
Cbl recruitment and the ubiquitination of Met [47] (Fig. 2C).
The InlB-dependent ubiquitination of Met has raised for the
ﬁrst time the possibility that the coat protein clathrin could
also be involved in the internalization of large particles such
as bacteria; an hypothesis thought to be unlikely due to the
rigidity and the geometry of clathrin polymers, that were sup-
posed to allow only the formation of spherical vesicles of a
ﬁxed diameter of approximately 100 nm [5]. Strikingly, it has
been shown that clathrin accumulates around the bacteria at
the site of entry and furthermore clathrin depletion by small
interference RNA inhibits bacterial internalization [47]. These
observations demonstrated that, at least in the case of Listeria,
bacteria are also internalized by clathrin-mediated endocytosis.
The internalization of the whole bacterial body, elongated in
shape and measuring 1 lm roughly, raises the question as to
how is clathrin organized around such large endocytic struc-
tures. Clathrin-forming triskelions are highly conserved mole-
cules but clathrin adaptor proteins can vary depending on the
intracellular compartment where clathrin coats assemble [5]. It
is therefore possible that diﬀerent clathrin adaptors provide an
increased plasticity to clathrin coats. Electron microscopy
studies and the intracellular distribution of clathrin adaptors
at the bacterial entry site may be the key to solve this issue.
Nevertheless the concept of Listeria being internalized through
clathrin-dependent endocytosis urges to test the possibility that
this mechanism is shared by other invasive bacteria. It is
important to note that endocytosis has recently been shown
to involve actin [48]. It will thus be also of the utmost interest
to analyze in real time the recruitment of both the endocytic
proteins and the cytoskeleton molecules at the site of Listeria
entry. These studies should help deﬁnitively establishing the
role of actin in clathrin-mediated endocytosis.6. Lipid rafts and bacterial invasion
Lipid rafts are dynamic membrane microdomains enriched
in cholesterol, glycolipids, glycosylphosphatidylinositol
(GPI)-anchored proteins where receptors cluster upon activa-
tion and initiate their respective signalling cascades [49]. It is
therefore not surprising to observe that a number of pathogens
including viruses, bacteria and parasites require the integrity of
these domains for internalization [11,15,50]. Entry via lipid
rafts has been also documented for bacterial toxins such as
the cholera toxin, routinely used to label lipid rafts exploiting
its binding to the ganglioside GM1 enriched in rafts [51], an-
thrax toxin [52] and the Listeria toxin LLO [53]. Among bac-
teria, Shigella, Salmonella, the FimH-expressing E. coli strain,
Chlamydia and Listeria require lipid rafts for their entry or the
presence of their target receptors within lipid rafts [15,50]; in
the case of FimH-expressing E. coli a role for caveolae has also
been demonstrated [54].
Listeria, during interaction with host cells via both InlA and
InlB proteins, recruits typical markers of lipid rafts at the bac-
terial entry site such as GPI-anchored proteins and GM1.
Moreover lipid raft disaggregation by the cholesterol-seques-
tering agent methyl-b-cyclodextrin inhibits invasion via both
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impaired. The presence of functional lipid rafts is required as a
mean to cluster E-cadherin at the bacterial entry site, conse-
quently beads and bacteria fail to enter into cells where lipid
rafts are not organized [55]. In the case of the interaction be-
tween InlB and the Met receptor lipid rafts are not strictly re-
quired for bacteria–host contact since Met is readily recruited
around InlB-coated beads in cholesterol depleted cells, but
rafts are needed in the initiation of the signalling cascade fol-
lowing Met activation [55]. Cholesterol depleted cells fail to
close the phagocytic cup that forms around InlB-coated beads
indicating that the disruption of lipid rafts inhibits the late
stages of bacterial internalization [55].7. Conclusions and perspectives
During the last decade the ﬁelds of cell biology and that of
microbiology have merged as pathogens like viruses, bacteria
and parasites were increasingly shown to exploit cellular
machineries to invade and replicate in their hosts [9,10]. These
combined studies have helped understanding the mechanisms
of infection and also unravelling some cellular functions. In
contrast to viruses which are small-sized pathogens bacteria
are characterized by a relatively large size and thus need to in-
duce signiﬁcant modiﬁcations in the host cytoskeletal architec-
ture in order to be internalized [2]. To do so diﬀerent bacteria
have evolved diﬀerent strategies towards the same aim: the hi-
jack of cellular functions to take control of membrane dynam-
ics of the host cell [47]. Due to its unique features Listeria has
emerged within bacterial pathogens as an excellent model to
study actin cytoskeleton and membrane dynamics during
infection. Listeria exploits at least two molecules on its surface,
internalin (InlA) and InlB that bind to E-cadherin [22] and the
HGF-receptor Met [23] respectively and mimic the physiolog-
ical ligands to induce cellular responses and bacterial entry. In
the case of the InlA/E-cadherin interaction increasing evidence
indicate that Listeria exploits the whole machinery involved in
the formation of adherens junctions [34–36]. The interaction of
InlB with the Met receptor induces the activation of the HGF
pathway [39]. More recently it has been demonstrated that
upon interaction of InlB with Met the ubiquitin-ligase Cbl is
recruited at the bacterial entry site and ubiquitinates the recep-
tor [47]. Following this signal Listeria-bound Met is rapidly
internalized within the cell by clathrin-mediated endocytosis,
thereby inducing bacterial internalization [47]. The latter
observation highlighted that clathrin not only mediates the
endocytosis of small particles but also is capable of surround-
ing larger structures. More studies are needed in order to ad-
dress the generality of the concept that the endocytic
machinery is critical for bacterial entry into host cells.Acknowledgements: Work in P. Cossart’s laboratory received ﬁnancial
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